RD-tt4 virus rapidly induces fusion of the KC cell line, a human malignant glioma cell transformed by Rous sarcoma virus. Treatment of the virus with trypsin, heat, ultrasonic vibration, or ether, completely eliminated fusion activity, while deoxyribonuclease (DNase), ribonuclease (RNase), or neuraminidase treatment had no effect, fl-Propiolactone inactivation of the virus resulted in no decrease of fusion activity, though infectivity was completely lost. The KC cell line was productively infected with RD-I 14 virus, and in this condition was completely refractory to fusion by RD-r I4, either in response to endogenous virus or to large amounts of exogenous virus. Treatment of the normal KC cells with actinomycin C, cytosine fl-o-arabinofuranoside, or cycloheximide did not prevent fusion in response to RD-I 14 virus. These data suggest that intact, but not necessarily infectious, virus is required for fusion, and that the process is very similar to the fusion of XC cells by murine leukaemia viruses.
INTRODUCTION
The KC cell line, a human malignant glioma cell line transformed by Rous sarcoma virus (Ponten & McIntyre, I968) , forms extensive syncytia in 24 to 48 h when co-cultivated with cells producing RD-I I4 virus (Rand & Long, I972) . This virus, while distinct from conventional feline type C viruses (McAllister et al. I972; Oroszlan et al. I972 ), nevertheless appears to be of feline origin (Fischinger et al. I973; Livingston & Todaro, I973; Oakbe, Gilden & Hatanaka I973; Sarma et al. ~973) . Cells producing other feline, murine, rat, hamster, Woolly monkey or Gibbon ape type C virus do not exhibit this phenomenon, even when grown in human cells (Rand & Long, 1972) . The fusion of KC cells by RD-I 14 virus is similar to the fusion of the XC cell line (Klement et al. I969) by murine Ieukaemia viruses. Both cell lines are Rous sarcoma virus transformed mammalian cell lines, and both form morphologically similar syncytia in response to a specific mammalian type C virus in about the same period of time (Klement et al. 1969; Johnson, Friedman & Pastan, I970. Johnson et al. (I970 found that induction of syncytia in XC cells by murine leukaemia virus was sensitive to trypsin, heat, lipase and ether treatment of the virus, but insensitive to DNase, RNase or neuraminidase. Treatment of XC cells with actinomycin D, puromycin, eycloheximide, rifamycin, or rat serum interferon neither inhibited nor stimulated the formation of syncytia. Johnson et al. (I97I) were also able to induce fusion with banded murine type C virus alone.
Bratt & Gallaher (i97o) have described two general types of virus-induced cell fusion based on studies of different strains of Newcastle disease virus: fusion from within which requires infectious virus, has an absolute requirement for cellular protein synthesis, and generally corresponds to the c.p.e, of the paramyxoviruses and certain herpesviruses; and fusion from without which can be induced by either infectious or non-infectious virus, can occur in the absence of protein synthesis, and usually requires high multiplicity of infection. An example of fusion from without is the fusion induced by/]-propiolactone inactivated Sendai virus. Johnson et aL (I 97 I) concluded that the fusion of XC cells by murine leukaemia viruses was probably a process of fusion from without.
We undertook the present studies to determine the metabolic and enzymatic sensitivities of the fusion of KC cells by RC-I I4 virus, and to find out whether fusion from within would occur upon productive infection of the KC cell by RD-I 14 virus.
METHODS
Cell lines. The KC cell line, the non-Rous transformed KC parent cell line, I I8 MG, the human rhabdomyosarcoma line RD, and the RD-II4 cell line have been described previously (Ponten & MacIntyre, I968; McAllister et aL I972; Rand & Long, I972) . The normal human embryonic fibroblast line (HESM, passage 9) was obtained from Flow Laboratories, Rockville, Md.
Virus production. RD-tI 4 virus was obtained from the culture fluid of the RD-Ir 4 cell line, filtered through a o'45 #m filter (Nalge), and then concentrated by centrifuging at I9ooo rev[min for 2 h in a Beckman type I9 rotor, using a Beckman L 3-5o ultracentrifuge. Several batches of virus were prepared in this way. Virus stocks were concentrated approx. 3oo-fold by this procedure, and were stored until needed at -8o °C in o'25 ml samples in minimum essential medium (MEM) supplemented with IO % heat-inactivated foetal bovine serum, Ioo units[ml penicillin and IOO units[ml streptomycin, and 2 mM-glutamine.
Sendai virus was grown in the allantoic cavity of 7-to 8-day-old embryonated eggs at 37 °C for 5 days, before harvesting and inactivation with 1:2ooo fl-propiolactone (Sigma).
Infectivity assays. Infectivity of RD-I I4 virus was measured as described previously by Rand & Long 0972): briefly, 3 x ios RD cells were seeded in 6o mm Petri dishes (Falcon plastics) and infected with o'5 ml samples of serial tenfold dilutions of the virus to be tested. Each plate was split to four plates between 9 and I2 days after infection. Between I9 and 22 days, virus was assayed as follows: (I) by measuring the RNA-dependent DNA polymerase (RDP) in the tissue culture fluid (Oroszlan et al. 197I) and (2) by the KC test in which I x io 6 KC cells are co-cultivated with the infected cells, fixed and stained 2 to 3 days later. The virus titres were taken to be the reciprocal of the highest dilution giving a positive result, i.e. RDP greater than 3 times background, and, for the KC test, greater than Io syncytia (/> I2 nuclei[cell) per Petri dish. All experiments were carried out at 37 °C in a humidified Io % CO2, 9o % air, atmosphere. The pH of the culture media under these conditions was 6.8 to 7"I.
Direct syncytial assay. KC cells were plated at l x lO s cells[well in 24-well Linbro 'Disposo' plates. RD-II4 virus concentrates were titred by serial twofold dilutions in a vol. of o'25 ml[well. After 2 to 3 days incubation with the virus, cells were fixed with methanol and stained with Giemsa. The total number of syncytia in each well was counted using a microscope (approx. x 1oo). In most experiments, dilutions of a previously titred RD-I I4 preparation were chosen which would yield a countable number of syncytia in each well. Syncytia were defined as cells with I z or more nuclei, because of a small, spontaneous background of giant cells with 6 to 8 nuclei/cell.
Ultrasonic vibration. Virus preparations were sonicated continuously on ice in vol. of o'5 to 2.o ml of complete media using a Heat Systems Sonifer Cell Disruptor, Model W 14o, at an output of lO W for 1 to 5 min.
Heat and ether, o'5 ml of a I : zoo dilution of an RD-124 preparation (Io 6 TCIDs0]ml) was heated to 56 °C for 5 to 3o min in a water bath. o'25 ml samples were then put directly on confluent monolayers of KC cells in Linbro plates and syncytia scored as described above, o.8 ml of a 1:4 dilution of an RD-~ t4 preparation (Io 6 TCIDs0/ml) was mixed with o.8 ml diethyl ether and the tube inverted several times before evaporating the ether with nitrogen.
fl-Propiolaetone (BPL). BPL (Sigma) was mixed with virus at a I :zooo dilution in a serum free medium, and incubated at 5 °C overnight (about ~6 h). Virus was pelleted out of the BPL by centrifuging at 1ooooo g for I h using an A 2I I rotor in a Model B-6o International Equipment Co. preparative centrifuge.
Enzymes. RD-II 4 virus preparations were treated with different concentrations of the following enzymes: Trypsin (type I, bovine pancreas, Sigma, IOOOO BAEE units/mg), deoxyribonuclease I (DNase) (Sigma, DN-C, 20oo Kunitz units/mg), pancreatic ribonuclease A (31oo units/ml, as mg/ml, Worthington), neuraminidase (Type IV, Clostridium perfringens, Sigma). The trypsin reaction was stopped by the addition of I mg trypsin inhibitor (Sigma, type I-S) per mg trypsin. This reaction mixture was added directly to confluent monolayers of KC and to RD cells for infectivity as described above. DNase and RNase reaction mixtures were added directly to KC cell monolayers and assayed as described above. When neuraminidase was used the reaction was stopped by the addition of 2o ml cold (4 °C) complete media, followed by pelleting the virus at 1ooooo g for I h at 4 °C. These pellets were resuspended in the same vol. of complete media as had been used during enzyme incubation. The treated virus preparation was then added to KC cells.
Metabolic inhibitors. KC cells were treated with cycloheximide (Calbiochem), cytosine fl-o-arabinofuranoside (ara C) (Calbiochem), and actinomycin D (Calbiochem). Minimal inhibitory doses were determined as follows: KC cells were seeded at 1 × io 6 cells]6o mm Petri dish. The following day, the cells were incubated with different concentrations of cycloheximide, ara-C, or actinomycin D for ~ h, followed by the addition of so/zCi/dish of [aH]-leucine, New England Nuclear (NEN), [aH]-thymidine (NEN), or [3H]-uridine (NEN), respectively, for one additional hour. The cells were extensively washed with phosphate buffered saline, harvested and treated in a sonifier for 20 s. An equal vol. of cold so ~ trichloroacetic acid was added, the precipitate collected on Millipore filters, washed, and counted in toluene with i6o ml]4"5 1 Liquifluor (NEN) in a Beckman liquid scintillation counter. The minimum dose for 95 ~ inhibition of incorporation of the appropriate tritiated compound was, for cycloheximide, I/zg]ml; for ara C o.28/~g/ml; and for actinomycin D o'5/zg[ml.
These metabolic inhibitors were added to confluent KC cell cultures in Linbro plates for 24 h while syncytia formed in response to RD-124 virus. Although syncytia did form in the presence of all three, marked toxicity made it impossible to count syncytia; therefore, drugs were left on either for the first 8 h or the last I2 h of syncytia formation in a 24 h period.
Direct neutralization of syneytia forming capacity. Neutralizing antisera to sucrose density gradient banded RD-1 I4, feline leukaemia virus (FeLV), and Kirsten murine sarcoma virus (KiMSV) were kindly supplied by Drs S. Oroszlan and R. V. Gilden. All antisera were heated to 56 °C for 0"5 h, diluted I:IO with serum-free medium and filtered through an o'45 #m filter (Nalge) immediately prior to use.
A I :I6 dilution of an RD-I 14 virus preparation (> Io 6 TCIDs0/ml) was incubated with an equal vol. of antisera in a water bath at 36 °C for o'5 h. o'25 ml of each mixture was added to each of two wells of confluent KC cell monolayers in 24 well Linbro Disposo plates. Because all dilutions of virus and antisera were made with serum-free medium, an additional o'o5 ml foetal calf serum was added per well. The average number of syncytia in four control wells incubated without any antisera was I23 (range Io7 to I39). The percentage neutralization was calculated by dividing the average number of syncytia per well by I23, and subtracting form too ~.
Neutralization of infectivity. The antisera described above were also tested for their ability to neutralize infectivity of RD-I I4 virus. RD cells were plated at 3 x io 5 ceUs/6o mm Petri dish (Integrid, Falcon Plastics). o'25 ml of a 1:5oo dilution of the RD-It4 virus preparation described above (> lO 6 TCID~0/ml) was mixed with an equal vol. of antisera and the mixture incubated at 36 °C for o'5 h. The mixture was then used to infect the RD cells for I h, at the end of which the RD cells were washed with serum-free media and complete media was added back. Nine days after infection, I x io 6 KC cells were added. On day 12, the plates were fixed with methanol and stained with Giemsa. All syncytia in a 4 cm2 area in the middle of the plate were counted. The average of 15 control plates (no antisera) was 64"5 _+ 27 syncytia. The percent neutralization was calculated by dividing the number of syncytia by 64"5 and subtracting from Ioo.
RESULTS

Infectivity and syncytia formation
To determine whether infectious virus particles were necessary for syncytia formation, a concentrated preparation of RD-114 virus was inactivated with I:2ooo BPL. No loss of syncytial titre was seen (Table I ) when compared to an untreated control preparation also incubated overnight at 5 °C.
Both the KC cell line and its non-Rous sarcoma virus-transformed parent cell line, 1 I8 MG, could be productively infected with RD-I 14 virus (Table 2A) . No syncytia were observed in either line while productively infected with RD-II4 virus, and the RD-II4 infected KC cells were morphologically identical to the non-infected cells. To distinguish between the infected and non-infected KC cells during co-cultivation, part of a confluent monolayer of RD-II 4 infected KC cells was removed using a rubber policeman. I x io o non-infected KC cells were then added and the area which had been scraped free of infected cells was replaced with non-infected cells. This area never developed syncytia in 3 days of co-cultivation. Furthermore, KC cells producing RD-I 14 virus were resistant to fusion by high doses of exogenous RD-I 14 virus, despite the ability of these preparations to induce extensive fusion in uninfected KC cell monolayers. RD-II4 infected KC cells were still capable of being fused since BPL inactivated Sendai virus fused them as efficiently as it does non-infected KC cells (Rand & Long, I972) .
RD-I 14 virus produced by infected KC cells banded at a density of I.I 4 g/ml in sucrose gradients, and contained the RD-II 4 group-specific antigen (gs-i). The RNA-dependent DNA polymerase (RDP) of virus isolated from the RD-1 t4 infected KC cell line was over 9o ~ neutralized by 4 #g of antibody made against partially purified RD-I I4 RDP (Long 0"5 ml of a concentrated ]~)-114 preparation 006 TC1D~0/o.5 ml) was diluted to 20 ml with 1:2000 BPL (Sigma) in serum free MEM. After incubation at 5 °C for 16 h, it was centrifuged at Iooooog for 1 h. The pellet was resuspended in 1'5 ml complete medium and serial twofold dilutions put on confluent KC cell monolayers in a Linbro plate. This BPL treated RD-II4 preparation was completely non-infectious when assayed for 3 weeks on RD cells. KC cells were plated at confluence (I × I@/6o mm Petri dish). Two h later 0"5 ml of I • IO dilution of an RD-114 virus preparation (> io 6 TCIDso/ml) was added, and incubated for I h. 4 ml complete medium was then added. 24 h later large numbers of multinucleate cells (Io to 3o nuclei/cell) were seen. These syncytia persisted for about 2 weeks, despite trypsinizing and splitting the cultures twice. By 3 weeks, normal, small KC cells had overtaken the culture and no new syncytia formed, t 18 MG cells were plated at 3 × IO5/Petri dish. They were infected with 0"5 ml of a I:IO dilution of a different TCID~o/ml). No syncytia were observed. et al. 1973) . When RD-t t4 virus derived from KC cells was grown in either the RD cell line or human embryonic fibroblasts (HESM) no evidence of Rous sarcoma virus was found in complement-fixation tests, although RD-II4 gs antigen was detected by complementfixation (Table 2B ). In addition, no transformed foci were seen in the fibroblast line after 3 weeks observation. When these infected cultures were co-cultivated with KC cells, numerous typical syncytia were formed by the KC cells.
Time after Infection
Stability studies
Concentrated RD-tI4 virus preparations were subjected to various physical and enzymatic treatments. Brief treatment with ether or heating to 56 °C for 5 min completely destroyed syncytia forming ability. Storage overnight at 37, 25 or 5 °C, significantly reduced the number of syncytia formed, but did not completely eliminate activity. Storage at -8o °C for periods up to 3 months preserved activity well. RD and the human embryonic fibroblast (HESM) were plated at 3 × Io 5 cells/6o mm Petri dish and infected with I.o ml clarified cultm-e fluid from the KC cell line which had been infected with RD-II4 3 weeks previously. 2 ml of a I : IO dilution of an RD-I I4 virus preparation (approximately IO 4 TCIDs0/ml) was treated in a sonifier continuously on ice for o, z, or 5 rain. Infectivity and direct synctytia forming capacity were measured as described in the Methods.
Ultrasonic vibration
Sonication of an RD-II 4 virus preparation led to complete loss of syncytia forming activity in 2 min (Table 3) . However, full infectivity was present even after 5 min. This phenomenon is being explored further.
Enzyme studies
DNase (5 to IOO #g/ml), RNase (o.I to 5"o/zg/ml) and neuraminidase (IO to z5o #g/ml) treatment of RD-r r 4 virus at 37 °C for o'5 h had no effect on syncytia formation. Trypsin treatment resulted in progressive loss of syncytia with increasing dose (Table 4 )-
Metabolic inhibitors
There was no loss of syncytia when KC ceils were treated with actinomycin D, ara C, or cycloheximide either during the first 8 h or the last I2 h of a 24 h period of syncytia formation (Tables 5 A, B) . The apparent stimulation of syncytia by cycloheximide in the first 8 h has been further studied and neither stimulation nor inhibition was observed
Neutralization studies
As can be seen in Table 6 , the antiserum directed to whole RD-I 14 virus resulted in a reduction in syncytia even at dilutions of 1:1o24o and I:2O48O , whereas the KiMSV antisera and FeLV antisera were ineffective below I:I28O and 1:2o, respectively. These Table 4 . Effect of trypsin on syncytia formation and infectivity of 0'6 ml of a I : I0 dilution of an RD-II4 preparation (lO 4 TCIDs0/ml) was incubated for o5 h at 36 °C with an equal vol. of trypsin (type I, Sigma) at concentrations of 5o, 2oo and 2ooo #g/ml to give the final concentrations indicated above. The reaction was stopped by the addition of o-I ml trypsin inhibitor (from soybean, Sigma) at a concentration of 1 o mg/ml. All dilutions were done with serum-free medium. Therefore, o-o5 ml heated foetal bovine serum was added to each well after addition of the reaction mixed (virus, trypsin and trypsin inhibitor). All tests were done in duplicate and results averaged. The control RD-II4 virus was incubated with an equal vol. of serum-free medium and o.I ml trypsin inhibitor was added to it at the end of the incubation. An RD-I I4 virus preparation (IO 4 TCIDs0/ml) was diluted 1:7 and 0-25 ml samples added to confluent monolayers of KC cells (I × lO 5 cells]well) in Linbro plates. 5 to 25 #1 of actinomycin D, cycloheximide or ara C was immediately added (in duplicate) to produce the final concentrations shown above. After 8 h incubation, the virus and inhibitor were removed and the cells washed twice with 2 ml/well phosphate buffered saline. An equal vd. and concentration of fresh RD-114 virus from the same stock was then added back. Syncytia were counted I6 h later as described in the Methods. No drug --50
The RD-II4 virus preparation described in Table 5A was diluted 1:7 and 0.25 ml samples added to confluent monolayers of KC cells. I2 h later actinomycin D, cycloheximide or ara C was added in duplicate in vol. of 5 to 25 td per well and thoroughly mixed. The cells were incubated for an additional I2 h in the presence of drug and syncytia were then counted as described in the Methods. Figures in parentheses indicate percent neutralization of infectivity of RD-I I4 virus. Direct neutralization of syncytia forming capacity and neutralization of infectivity were done as described in the Methods. syncytia neutralizing titres are quite different from the respective infectivity neutralizing end points which were i :32o for RD-II4 antisera and less than 1:2o for the KiMSV and FeLV antisera (figures in parentheses, Table 6 ).
DISCUSSION
The fusion of KC cells by RD-I 14 virus is sensitive to ultrasonic vibration, heat, ether or trypsin treatment of the virus. These data suggest that intact virus is a requirement for syncytia formation. The fact that infectivity is preserved relative to syncytia forming capacity after trypsin treatment or treatment in a sonifier probably reflects their differing kinetics, i.e. infectivity is single-hit, whereas syncytia formation appears to be multi-hit (Rand & Long, I972) . Therefore, destruction of a relatively small amount of virus may lead to much greater loss of syncytia forming capacity than of infectivity. This may be part of the explanation for the different titres of neutralization of syncytia and neutralization of infectivity found for the RD-II4 neutralizing antisera. To neutralize infectivity, every infectious unit of virus must be bound by antibody; whereas, to prevent syncytia, which requires many virus particles per cell, far fewer particles need be complexed. Thus, even a virus particle bound to one antibody molecule could still attach and be infectious, but it would be unable to bridge between two cells and cause fusion.
No dependence on DNA, RNA, or protein synthesis could be demonstrated. Cycloheximide, ara C, and actinomycin D were all used at doses well above their minimal inhibitory concentrations and for a duration resulting in signs of toxicity without reduction in the number of syncytia formed. These data, together with the fact that BPL inactivated RD-À 14 virus can fuse KC cells, strongly suggest the process is one of fusion from without as described by Bratt & Gallaher (I97o) . Furthermore, since no syncytia were formed in KC cells even after 2 months of productive infection by RD-114 virus, we conclude that fusion from within did not occur.
Our data show that KC cells productively infected with RD-I 24 virus are refractory to fusion even by large amounts of exogenous RD-I I4 virus. These RD-I I4 infected KC cells are not simply refractory to fusion in general, since BPL inactivated Sendai virus will fuse them as effectively as it does the non-infected cells. Infection with RD-II4 must alter the KC cell membrane in such a way as to render it resistant to homologous fusion. This situation is analogous to that reported by Hampar et al. (2973) for the fusion of the Raji lymphoblastoid cell line by RD-I 14. In this case, RD-I 14 induces an initial widespread fusion followed by a latent period, a variable second cycle of fusion and finally productive infection. When the cells are productively infected, no further syncytia are formed and the cells are refractory to re-fusion by exogenous RD-I 14.
RD cells which are producing KiMSV or FeLV do not effectively induce syncytia in KC cells, while RD-II4 virus does so extensively (Rand & Long, I972) . It is likely that these differences are due to differences in the virus coded virus envelope proteins. In the present study, fusion of the KC cell was shown to depend on the cell line in which the RD-t I4 virus was grown. When grown in KC or in the KC parent cell line, I 18 MG, RD-I 14 virus was unable to induce fusion in normal KC cells. However, when passaged again in RD, or human embryonic fibroblasts, this 'non-syncytia producing' RD-I 14 virus readily induces syncytia when co-cultivated with KC. Such a change could result from a host cell contribution to the outer surface of the virus. The possibility that the host cell modifies the virus envelope proteins directly seems less likely, but cannot be ruled out.
